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The Ku heterodimer functions at two kinds of DNA ends: telomeres and double-strand breaks. The role that
Ku plays at these two classes of termini must be distinct, because Ku is required for accurate and efficient join-
ing of double-strand breaks while similar DNA repair events are normally prohibited at chromosome ends.
Toward defining these functional differences, we have identified eight mutations in the large subunit of the
Saccharomyces cerevisiae Ku heterodimer (YKU80) which retain the ability to repair double-strand breaks but
are severely impaired for chromosome end protection. Detailed characterization of these mutations, referred
to as yku80tel alleles, has revealed that Ku performs functionally distinct activities at subtelomeric chromatin
versus the end of the chromosome, and these activities are separable from Ku’s role in telomere length
regulation. While at the chromosome terminus, we propose that Ku participates in two different activities: it
facilitates telomerase-mediated G-strand synthesis, thereby contributing to telomere length regulation, and it
separately protects against resection of the C-strand, thereby contributing to protection of chromosome
termini. Furthermore, we propose that the Ku heterodimer performs discrete sets of functions at chromosome
termini and at duplex subtelomeric chromatin, via separate interactions with these two locations. Based on
homology modeling with the human Ku structure, five of the yku80tel alleles mutate residues that are conserved
between the yeast and human Ku80 proteins, suggesting that these mutations probe activities that are shared
between yeast and humans.

Telomeres are essential structures that constitute the ends of
linear chromosomes. In the majority of eukaryotes studied,
telomeric DNA consists of tandem arrays of simple G-rich
sequence which are maintained by the enzyme telomerase (39).
The G-rich strand extends 5� to 3� toward the chromosome
end, terminating in a single-stranded 3� overhang. The assem-
bly of both duplex and single-strand telomeric DNA binding
proteins onto telomeric DNA gives rise to a nonnucleosomal
structure. A primary function of this telomeric nucleoprotein
complex is to prevent the natural chromosome ends from being
subject to DNA repair and recombination activities, thereby
preventing end-to-end fusions and unregulated resection of
terminal DNA sequences (10). In contrast, DNA ends created
by double-strand breaks (DSBs) are targets for repair activi-
ties, thus averting the toxic consequences to the genome if a
DSB is left unrepaired (19).

In the nonhomologous end-joining (NHEJ) pathway of DSB
repair, broken ends with little or no sequence homology are
joined with minimal, if any, sequence loss (32). In both Sac-
charomyces cerevisiae and higher eukaryotes, the Ku het-
erodimer is required for this process to occur both accurately
and efficiently (6, 40). Consisting of 70- and 80-kDa subunits,
this abundant heterodimeric complex binds with high affinity to
DNA ends in a sequence-independent fashion and to a variety
of terminal structures, such as blunt ends and 3� overhangs
(15). As predicted by its known in vitro binding properties, Ku
localizes to DSBs in vivo (38). Biochemical studies suggest that

Ku acts at DSBs as a bridging complex, an alignment factor,
and a recruitment factor in the end-fusing process (18, 27, 42,
46, 51). Additionally, in yeast cells, there is enhanced degra-
dation of broken chromosomes in the absence of Ku, suggest-
ing a role for Ku in the protection of DNA ends from nucleo-
lytic processing (29).

Unexpectedly, the Ku heterodimer also localizes to telo-
meres in both yeast and mammalian cells, and loss of Ku
function results in dysfunctional telomeres across species (20,
23). Disruption of Ku activity in budding yeast cells, due to
mutations in either of the Ku subunits (encoded by YKU70 and
YKU80), results in a number of telomere-related phenotypes,
suggesting that Ku has multiple activities at chromosome ends.
First, Ku is required for telomere length regulation (50), an
activity that is mediated through a 48-nucleotide stem-loop
structure of TLC1, the RNA subunit of yeast telomerase (48,
55). In addition, Ku contributes to yeast telomeric chromatin
structure, as expression of a telomeric reporter gene is altered
in strains that lack either YKU70 or YKU80 (5, 28, 43).

The Ku heterodimer also makes critical contributions to the
protection of chromosome ends. In budding yeast cells, Ku
protects telomeres from homologous recombination (14). In
addition, regulation of the terminal G-rich single-strand over-
hang is lost in Ku-deficient strains (20, 49) due to unregulated
resection of the telomeric C-rich strand (37). Furthermore,
budding yeast strains deficient in both telomerase (e.g., due to
loss of EST2, the telomerase catalytic subunit, or EST1, a
telomerase regulatory subunit) and Ku display a greatly accel-
erated senescence progression compared to that exhibited by a
telomerase-deficient strain (20, 43, 49). Similarly, rapid loss of
telomeric DNA and decreased survival have also been ob-
served in fission yeast strains that lack both Ku and telomerase
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(4). The inviability displayed by these double-mutant strains is
thought to be due to the simultaneous inability to both repli-
cate and protect chromosome ends (A. Bertuch and V. Lund-
blad, submitted for publication). Ku has also been implicated
in chromosome end protection in mouse cells, based on the
increase in chromosomal end-to-end fusions that are observed
in the absence of Ku function (3, 9, 23, 53). Moreover, the
degree of telomeric dysfunction observed in Ku-deficient cells,
as measured by end-to-end fusions, is comparable to that ob-
served in late-generation telomerase-deficient mice (16).

Insight into Ku’s function at a molecular level has come
from the determination of the crystal structure of the human
Ku heterodimer, both alone and in complex with a DNA sub-
strate (61). These structures reveal that the Ku70 and Ku80
protein subunits share a three-domain topology, with each
comprised of an N-terminal �/� domain, a central �-barrel
domain and a C-terminal arm. The associated subunits give
rise to a quasi-symmetric basket-like molecule with a narrow
preformed ring, which cradles and encircles the DNA. The
N-terminal �/� domains, which lie at the periphery of the
heterodimer, contribute minimally to heterodimerization or
DNA binding and are potentially involved in interactions with
other proteins. Together, the �-barrel domains form the DNA
binding surface and the ring-like structure through which the
duplex DNA is threaded. Last, the helical C-terminal arms of
each subunit are positioned to contact the �-barrel of the
opposite subunit, thereby contributing to heterodimerization.
The structure of the heterodimer-DNA complex can be readily
incorporated with current models of Ku function in NHEJ. For
example, the ring-like structure is consistent with its require-
ment for DNA ends, and the absence of specific contacts with
DNA bases explains its sequence-independent mode of bind-
ing. The positioning of the DNA helix fits well with a role for
Ku as an alignment factor, yet the ends are left accessible to
end processing events. How the Ku heterodimer dissociates
from a DNA end once end joining has occurred and whether
translocation occurs in vivo, as has been observed in vitro (11),
are questions that have not yet been resolved.

The dual requirement at DSBs, where Ku promotes end-to-
end fusions, and at telomeres, which are specifically protected
from end joining, presents a paradox. What prevents Ku from
mediating the same kinds of events at telomeres that it pro-
motes at DSBs? A possible resolution of this paradox is a
model in which Ku performs different activities at these two
different classes of DNA ends. For example, telomere-specific
proteins could modulate an activity performed by Ku when it is
associated with chromosome ends that is precluded from oc-
curring at DSBs. To test this model, we asked whether muta-
tions in YKU80 that separate its DNA repair function from its
telomere function could be recovered. We report here the
identification of mutations, called yku80tel alleles, which result
in striking defects in telomere maintenance but are still profi-
cient for DNA repair. This supports a model in which Ku
performs different activities at these two different types of
ends. Furthermore, the yku80tel mutations differentially impact
telomere length regulation, telomere end protection, and telo-
meric silencing, suggesting that Ku has separable functions at
the telomere as well. Based on sequence alignment and ho-
mology modeling with the human Ku structure, four of the
mutated residues map to within the N-terminal �/� domain.

Because this domain has been proposed to mediate interac-
tions between Ku and other factors (61), we suggest that this is
a region that is critical for telomere-specific interactions.

MATERIALS AND METHODS

Yeast strains and plasmids. The S. cerevisiae strains used in this work (Table
1) are isogenic derivatives of YPH275 (from Phil Hieter), UCC3505 (54), or
JKM179 (29). The yku80-�::kanr, est1-�::HIS3, est2-�::URA3, tlc1-�::LEU2,
cdc13-2, and tlc1-�48 mutations have been previously described (31, 34, 43, 44,
48). The rad52-�::LYS2 disruption (pVL392) removes amino acids (aa) 141 to
260 of the RAD52 open reading frame (ORF). The rif1-�::TRP1 mutation re-
moves the entire RIF1 ORF, and the rif2-�::HIS3 mutation removes the entire
RIF2 ORF and 55 bp of upstream sequence.

The yku80-� rad52-� strain used for Fig. 1A and the yku80-� strains used for
Fig. 2C, D, and E, 3A and B, and 5D, were generated by sporulation of YVL194.
Strains YVL885 and YVL2073 were generated by introducing yku80-�::kanr

mutations into UCC3505 (54) and JKM179 (29), respectively. YVL869, used in
the first screen, was derived by sporulation of YVL235. YVL918, used in the
second screen, was constructed from YVL885 by introducing a tlc1-�::LEU2
mutation (in the presence of pVL1037 [CEN TRP1 YKU80]), transforming the
strain with pVL1312 (CEN LYS2 TLC1), and subsequently losing plasmid
pVL1037. YVL1041 was derived by transforming YVL464 with pVL232 (CEN
URA3 EST1) and obtaining the desired genotype by sporulation. YVL1071
was generated by sequentially introducing rif2-�::HIS3 and rif1-�::TRP1 into
YVL463. To generate YVL1079, the tlc1-�48 mutation was integrated into a
haploid derived from sporulation of YPH275 utilizing plasmid pRS306-tlc1-�48
(48). Strains YVL2053, YVL2054, YVL2055, YVL2068, YVL2069, YVL2070,
and YVL2108 were generated by integrating the relevant yku80tel mutant allele
into the genome of a wild-type haploid derived from YPH275 by utilizing plas-
mids pVL2048, pVL2050, pVL1070, pVL2084, pVL2085, pVL1807, and
pVL1870, respectively. The haploid strains were mated to a freshly dissected
est1-�::HIS3 isogenic haploid to obtain the double heterozygous diploids.

The plasmids used in this work are described in Table 2. Plasmid pVL1037
contains the genomic YKU80 ORF and flanking sequence subcloned into pRS414
(CEN TRP1). XL1-Red mutagenesis (Stratagene) of pVL1037 yielded pVL1078,
pVL1765, pVL1766, pVL1079, pVL1693, pVL1694, pVL1695, and pVL1696,
which contain the yku80-1 through yku80-8 alleles, respectively. The yku80tel

inserts from these plasmids and the YKU80 insert from pVL1037 were subcloned
into pRS415 (CEN LEU2).

To integrate the yku80tel mutant alleles, yku80-1 and yku80-8, and derivatives
of yku80-2, yku80-3, yku80-4, yku80-6, and yku80-7, which contained additional
restriction sites that did not alter the protein sequence, were subcloned into
pRS406 (URA3). The yku80-1 and yku80-8 mutations introduce unique restric-
tion sites (NlaIII and HpaI, respectively) and, therefore, were directly subcloned
into pRS406 to generate pVL1070 and pVL1807, respectively. Site-directed
mutagenesis was performed to introduce or eliminate restriction sites by silent
mutation adjacent to the yku80-2 (PvuII site), yku80-3 (ClaI site), yku80-6 (HphI
site), and yku80-7 (loss of BstUI site) mutations. These alleles were subcloned
into pRS406 to generate pVL2050, pVL2048, pVL2084, and pVL2085, respec-
tively. A similar strategy was employed for yku80-4 (EarI site) to generate
pVL1870. In addition, the C-terminal region of yku80-4 was truncated to facil-
itate integration of the yku80-4 mutation.

Plasmid pVL1069 contains the YKU80 insert from pVL1037 subcloned into
pRS416 (CEN URA3). Plasmid pVL1352, a YKU80myc18 derivative of pVL1069,
was generated by subcloning an 18-myc epitope tag in frame with the C terminus
of YKU80 with pJBN130. A similar approach was used to construct yku80-1myc18

through yku80-8myc18 plasmids.
Identification of separation-of-function alleles of YKU80. The first mutant

screen yielded mutations yku80-1 through yku80-4. Plasmid pVL1037 (CEN
TRP1 YKU80) was mutagenized by passage through XL1-Red cells (Stratagene).
An average of 1 mutation was introduced per 2,000 bp. The mutant plasmid
library was transformed into YVL869 and plated on �Trp �Ura medium (i.e.,
medium lacking tryptophan and uracil). A total of 15,700 colonies were plated.
Colony growth following loss of the TLC1 plasmid was monitored by two suc-
cessive replica platings onto �Trp 5-fluoroorotic acid (5-FOA) media. Strains
showing a reduced growth or synthetic lethal phenotype (104 in total) were
recovered from the �Trp �Ura plates, and the mutant yku80 plasmids were
rescued. In the second step of the screen, these plasmids were introduced into a
MATa yku80-�::kanr rad52-�::LYS2 strain and tested for NHEJ by the in vivo
plasmid repair assay (see below). Four plasmids exhibited robust in vivo plasmid
repair activity and were further characterized.
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The second mutant screen, which yielded mutations yku80-5 through yku80-8,
monitored for the loss of telomeric silencing with a telomeric ADE2 reporter
assay and subsequent growth after loss of a TLC1 covering plasmid. YVL918 was
transformed with the mutagenized pVL1037 plasmid library described above and
plated on �Trp �Lys media. A total of 16,600 colonies were plated. The loss of
telomeric position effect was monitored by replica plating to limiting Ade �Trp
�Lys medium. Growth after loss of the TLC1 covering plasmid was monitored
by replica plating to �Trp �-aminoadipate media. Strains that were white on the
limiting Ade plates (indicating expression of the normally repressed ADE2 gene)
and grew on the �-aminoadipate plates were recovered from the �Trp �Lys
plates, and the mutant plasmids were rescued. A total of 99 transformants
underwent quantitative testing. Plasmids were rescued from 15 transformants of
interest, and of these, 4 retested and were further characterized.

Genetic methods. All incubations were performed at 30°C unless otherwise
noted. For the �Trp �-aminoadipate plates, the final concentration of the
�-aminoadipic acid was 0.05% (58). Telomere Southern blots were performed as
previously described (31). The mean telomere lengths were calculated by aver-
aging the length of the Y�-containing telomere band (e.g., see the bracket in Fig.
3A), which represents roughly two-thirds of the yeast telomeres, for four inde-
pendent isolates of each allele and subtracting the length of the Y� nontelomeric
sequence (870 bp).

To analyze the growth phenotype of yku80tel est1-� double mutants following
sporulation and dissection, the appropriate double heterozygous diploids (YVL464,
YVL2053, YVL2054, YVL2055, YVL2068, YVL2069, YVL2070, and VL2108)
were sporulated at �23°C. Dissection plate colonies were resuspended, cell
counts were performed, and cells were diluted to equivalent concentrations.
Tenfold serial dilutions were plated onto rich media and grown at 28°C.

To analyze the growth phenotype of yku80tel est1-� double mutants following
plasmid shuffle, YVL1041 was transformed with pRS414-based plasmids con-
taining YKU80 or yku80tel mutant alleles or empty vector and grown to saturation

in media selecting for both the EST1 (URA3) and yku80 (TRP1) plasmids.
Saturated cultures were used to inoculate media selecting for the TRP1 plasmids
only and grown overnight. Tenfold serial dilutions were plated on �Trp �Ura
(to confirm equivalent plating efficiency) and �Trp 5-FOA. Plates were exam-
ined after 2 to 3 days at 30°C.

For the analysis of telomere silencing, YVL885 was transformed with plasmids
containing YKU80 or yku80tel mutant allele derivatives of pRS414 or empty
vector and grown to mid-log phase in media selecting for the yku80 (TRP1)
plasmids. To monitor the telomeric URA3 reporter, 10-fold serial dilutions were
plated on �Trp, �Trp �Ura, and �Trp 5-FOA plates. Growth was assessed
after 2 to 3 days at 30°C. To monitor the telomeric ADE3 reporter, YVL885 was
transformed with plasmids containing YKU80 or yku80tel mutant allele deriva-
tives of pRS415 or empty vector and grown to mid-log phase in media selecting
for the yku80 (LEU2) plasmids. The strains were plated for single colonies on
�Leu plates with limiting adenine and allowed to grow to full size for 3 days at
30°C. The plates were stored at 4°C prior to photography to enhance detection
of red pigment.

NHEJ assays. The previously described in vivo plasmid repair assay (7) was
modified as follows. A MATa yku80-�::kanr rad52-�::LYS2 strain was trans-
formed with yku80tel mutant derivatives of pRS414 and wild-type and vector
controls. Individual transformants were cotransformed with equivalent amounts
of linearized pRS413 (CEN HIS3) and supercoiled pRS415 (CEN LEU2). Trans-
formation reactions were divided and plated on �Trp �His and �Trp �Leu
media. Colonies were counted and the Ura�/Leu� transformant ratio was de-
termined. The average value for each yku80 allele was normalized to the average
value for the wild type.

The HO endonuclease assay was performed by transforming YVL2073 with
yku80tel mutant allele derivatives of pRS415 and wild-type and vector controls. Ten-
fold serial dilution of cells were plated on glucose �Leu and galactose �Leu plates.

TABLE 1. Strain list

Strain Genotype

YVL194a .......................MATa yku80-�::kanr cdc13-2 rad52-�::LYS2
MAT� YKU80 CDC13 RAD52

YVL235a .......................MATa yku80-�::kanr tlc1-�::LEU pSD120 (CEN URA3 TLC1)
MAT� YKU80 TLC1

YVL463a .......................MATa yku80-�::kanr est2-�::URA3
MAT� YKU80 EST2

YVL464a .......................MATa yku80-�::kanr est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)
MAT� YKU80 EST1

YVL869a .......................MAT� yku80-�::kanr tlc1-�::LEU2 pSD120 (CEN URA3 TLC1)
YVL1041a .....................MATa yku80-�::kanr est1-�::HIS3 pVL232 (CEN URA3 EST1)
YVL1071a .....................MATa yku80-�::kanr est2-�::URA3 rif1-�::TRP1 rif2-�::HIS3

MAT� YKU80 EST2 RIF1 RIF2
YVL1079a .....................MATa tlc1-�48 CF (ura3::TRP1 SUP11 CEN4 D8B)
YVL2053a .....................MATa yku80-3 est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)

MAT� YKU80 EST1
YVL2054a .....................MATa yku80-2 est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)

MAT� YKU80 EST1
YVL2055a .....................MATa yku80-1 est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)

MAT� YKU80 EST1
YVL2068a .....................MATa yku80-6 est1-�::HIS3

MAT� YKU80 EST1
YVL2069a .....................MATa yku80-7 est1-�::HIS3

MAT� YKU80 EST1
YVL2070a .....................MATa yku80-8 est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)

MAT� YKU80 EST1
YVL2108a .....................MATa yku80-4 est1-�::HIS3 CF (ura3::TRP1 SUP11 CEN4 D8B)

MAT� YKU80 EST1
YVL885b .......................MATa yku80-�::kanr ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 ppr1::HIS3 adh4::URA3-(URA3 at TEL VIIL)

DIA5-1 (ADE2 at TEL VR)
YVL918b .......................MATa yku80-�::kanr tlc1-�::LEU2 can1-�::GAL-EcoRI ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 ppr1::HIS3

adh4::URA3-(URA3 at TEL VIIL) DIA5-1 (ADE2 at TEL VR) pVL1312 (CEN LYS2 TLC1)
YVL2073c .....................MAT� yku80-�::kanr hml-�::ADE1 hmr-�::ADE1 ade1 lys5 leu2 ura3-52 trp1-�::hisG� ADE3::GAL::HO

a Isogenic derivative of YPH275 (from Phil Hieter). Diploid strains carry ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1-�I/trp1-�1 his3-�200/his3-�200
leu2-�1/leu2-�1, and haploid strains carry ura3-52 lys2-801 ade2-101 trp1-�1 his3-�200 leu. The chromosome fragment (CF) is in the designated strains in single copy.

b Isogenic derivative of UCC3505 (54).
c Isogenic derivative of JKM179 (29).
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Telomeric G-strand overhang assays. A yku80-� strain was transformed with
yku80tel mutant derivatives of pRS414 and wild-type and vector controls. After
�50 generations of growth, the transformants were grown to mid-log phase in
selective media. Genomic DNA was isolated as previously described (22). DNA
(25 to 40 �g) was either mock treated or treated with 40 U of Escherichia coli
exonuclease I (Epicentre) in 100 �l of 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2,
100 mM NaCl, and 1 mM dithiothreitol for 15 min at 37°C. The reaction was
stopped, and the DNA was precipitated with the addition of sodium acetate and
ethanol. Following XhoI digestion, the DNA was resuspended in 12 �l of 10 mM
Tris-HCl (pH 7.9), 10 mM MgCl2, 50 mM NaCl, and 1 mM dithiothreitol. One
microliter of 5� 32P-end-labeled dCCCACCACACACACCCACACCC (100,000
cpm/�l) was added, and hybridization was performed by a 10-min incubation at
37°C followed by 1 h on ice. The samples were applied to an agarose gel and
electrophoresed at 22 V, and the gels were subsequently dried. Following detec-
tion of the single-strand telomeric signal, the gel was denatured and rehybridized
with the same oligonucleotide probe, as previously described (12). The extent of
alteration in each strain was quantified by normalizing, relative to a YKU80 strain,
the ratio of the native gel signal to the denatured gel signal for the Y�-containing
telomeric restriction fragment (TRF). The native to denatured TRF signals were
determined by densitometry and ImageQuant analysis for experiment 1 and
PhosphorImager and ImageQuant analysis for experiment 2 (Table 3).

Protein level determination. A yku80-� strain was transformed with plasmids
containing untagged YKU80, YKU80myc18, and yku80-1myc18 through yku80-
8myc18. Protein extracts were prepared (56), and Western blot analysis was per-
formed as previously described (17). The protein levels were quantitated by
densitometry and ImageQuant analysis. For a protein loading control, the mem-
branes were reprobed with mouse anti-3� phosphoglycerokinase (3�PGK) anti-
body (Molecular Probes). The level of Yku80 protein was normalized to the level
of 3�PGK protein for each extract and then normalized to the wild type.

Chromatin immunoprecipitation assays. A yku80-� strain was transformed
with plasmids containing untagged YKU80, YKU80myc18, and yku80-4myc18. Chro-
matin immunoprecipitation assays were performed on mid-log phase cultures as
previously described (1), except that input and immunoprecipitated DNA were
analyzed by Southern hybridization with a poly(dGT-dAC) probe to detect
telomeric sequence and a TyB probe to detect background association. The
signal was detected by PhosphorImager and quantitated with ImageQuant.

Alignment of the yeast and human proteins. An alignment between Yku80 and
the human Ku80 protein structure was obtained by using GenTHREADER,
version 4.5, a fold recognition method (25). The algorithm also incorporates
secondary structure predictions determined by PSIPRED (26). The diagram of
Ku bound to DNA (protein database identification, 1JEY) (61) was rendered by
using Swiss PDB Viewer and POV-Ray.

RESULTS

Identification of yku80tel mutations that are proficient for
DNA repair but defective for telomere end protection. A model
that reconciles the presence of Ku at telomeres, which are
resistant to end-to-end fusion events, and DSBs, where Ku is
required for end joining, is one in which Ku performs different
functions at the different termini. In order to test this model,
we screened for mutations in YKU80 that separate roles for the
Ku heterodimer in DNA repair from those in telomere func-
tion. Specifically, we screened for yku80 mutants that con-
ferred a severe growth defect when combined with a telome-
rase deficiency but were still proficient for DNA repair as
assessed by an in vivo plasmid repair assay. A mutagenized
YKU80 plasmid library was introduced into a yku80-� tlc1-�/
pTLC1 yeast strain, and �16,000 yeast transformants were
screened for inviability after loss of the covering TLC1 plas-
mid. Candidates that passed this test were subsequently
screened for the ability to recircularize a linearized plasmid
vector (see Materials and Methods and below for further de-
tails). This two-tiered screening strategy led to the identifica-
tion of four mutations, called yku80tel mutations, that retained
the ability to repair DSBs but were defective for one or more
functions required to maintain chromosome termini.

Figure 1 demonstrates that DNA repair was largely intact in
these four mutant strains, as measured by two independent
assessments of how cells handle DSBs. The first assay moni-
tored in vivo repair of a plasmid linearized with the enzyme
EcoRI (7, 40). Strains were transformed with a mixture of
linearized and supercoiled plasmids with unique selectable
markers, and recircularization of the linearized vector was
measured as the number of transformants recovered with this
vector relative to the supercoiled plasmid. This was performed
in a rad52-� background in order to eliminate homologous
recombination-mediated repair between the linearized plas-
mid and vector sequences on the plasmid carrying the yku80tel

mutation. The ability of a yku80-� strain to repair a linearized
plasmid was down 	25-fold compared to a YKU80 strain (Fig.
1A), consistent with previous observations that loss of Ku func-
tion severely impairs the end joining of a linear DNA molecule
(6, 40). In contrast, the yku80tel mutants had either wild-type or
close to wild-type levels of DNA repair (yku80-3 and yku80-4)

TABLE 2. Plasmid list

Plasmid Description Source or
reference

pVL1037 CEN TRP1 YKU80 pRS414
pVL1078 CEN TRP1 yku80-1 pVL1037
pVL1765 CEN TRP1 yku80-2 pVL1037
pVL1766 CEN TRP1 yku80-3 pVL1037
pVL1079 CEN TRP1 yku80-4 pVL1037
pVL1693 CEN TRP1 yku80-5 pVL1037
pVL1694 CEN TRP1 yku80-6 pVL1037
pVL1695 CEN TRP1 yku80-7 pVL1037
pVL1696 CEN TRP1 yku80-8 pVL1037
pRS414 CEN TRP1 8

pVL1067 CEN LEU2 YKU80 pRS415
pVL1072 CEN LEU2 yku80-1 pVL1067
pVL1855 CEN LEU2 yku80-2 pVL1067
pVL1854 CEN LEU2 yku80-3 pVL1067
pVL1076 CEN LEU2 yku80-4 pVL1067
pVL1859 CEN LEU2 yku80-5 pVL1067
pVL1857 CEN LEU2 yku80-6 pVL1067
pVL2069 CEN LEU2 yku80-7 pVL1067
pVL1860 CEN LEU2 yku80-8 pVL1067
pRS415 CEN LEU2 8

pVL1070 URA3 yku80-1 pRS406
pVL2050 URA3 yku80-2(�ClaI aa 15) pRS406
pVL2048 URA3 yku80-3(�PvuII aa 46) pRS406
pVL1870 URA3 yku80-4(�EarI aa 437, �522–629) pRS406
pVL2084 URA3 yku80-6(�HphI aa 362) pRS406
pVL2085 URA3 yku80-7(�BstUI aa 438) pRS406
pVL1807 URA3 yku80-8 pRS406

pVL1069 CEN URA3 YKU80 pRS416
pVL1352 CEN URA3 YKU80myc18 pRS1069
pVL1353 CEN URA3 yku80-1myc18 pVL1352
pVL1810 CEN URA3 yku80-2myc18 pVL1352
pVL1809 CEN URA3 yku80-3myc18 pVL1352
pVL1354 CEN URA3 yku80-4myc18 pVL1352
pVL1816 CEN URA3 yku80-5myc18 pVL1352
pVL1818 CEN URA3 yku80-6myc18 pVL1352
pVL1817 CEN URA3 yku80-7myc18 pVL1352
pVL1819 CEN URA3 yku80-8myc18 pVL1352

pRS306-tlc1-�48 URA3 tlc1-�48 48
pRS413 CEN HIS3 8
pSD120 CEN URA3 TLC1 D. Gottschling
pVL232 CEN URA3 EST1 47
pVL1312 CEN LYS2 TLC1 pVL317
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or levels that were reduced by no more than twofold (yku80-1
and yku80-2).

As a second measure of DNA repair proficiency, we deter-
mined the viability of the mutant strains when the HO endo-
nuclease was constitutively expressed in a genetic background
where both HML and HMR were deleted. In this genetic con-
text, repair of an HO-induced DSB at the MAT locus is de-
pendent upon the NHEJ pathway, such that survival is reduced
100- to 500-fold in the absence of Ku (30). As shown in Fig. 1B,
these four yku80tel strains behaved like a YKU80 strain, where-
as a yku80-� strain exhibited a severe defect (the additional
four yku80tel alleles shown in Fig. 1B will be discussed in a later
section of this paper). Therefore, based on these two different
measurements of DNA repair, each of the four yku80tel mutant
alleles retained the ability to rejoin a DSB.

Although DNA end-joining activity was largely retained,
these mutant strains exhibited a set of phenotypes that indicate
that they were impaired for the ability to protect chromosome
termini. Previous work has shown that a strain that contains
null mutations in both YKU80 and telomerase can be propa-
gated for only �25 generations (43). This synthetic near-le-
thality has been proposed to result from the loss of the ability
to both replicate and protect chromosome ends (43, 49; Ber-
tuch and Lundblad, submitted). Thus, as a first step in deter-
mining whether the yku80tel mutants had a chromosome end
protection defect, we examined the growth characteristics of
these four alleles when combined with a telomerase deficiency.
Diploid strains containing integrated versions of each of the
four yku80tel mutations and an est1-� mutation were sporu-
lated, and the viability of 4 to 5 haploid yku80tel est1-� single
colonies were assessed for each allele. As shown in Fig. 2A,
yku80tel est1-� strains exhibited a striking reduction in viability
compared to an est1-� strain. Each of the yku80tel est1-� strains
behaved comparably to a yku80-� est1-� strain, in that they

also could not be propagated beyond �25 to 30 generations.
Similar results were obtained when the double-mutant strains
were generated by a plasmid shuffle: all four alleles again
conferred greatly impaired growth when combined with either
an est1-� mutation (Fig. 2B) or a tlc1-� mutation (data not
shown). Because the plasmid shuffle protocol assesses growth
at an earlier time point, this alternative assay also revealed that
the yku80-2 est1-�, yku80-3 est1-�, and yku80-4 est1-� mutant
strains were not quite as impaired as a yku80-� est1-� null
mutant, although subsequent propagation of these double-mu-
tant strains resulted in lethality (data not shown).

These results suggested that the ability to protect chromo-
some termini was impaired in these mutant strains. Consistent
with this prediction, molecular analysis demonstrated that the
structure of the ends of the chromosomes was altered in all
four yku80tel mutants. In wild-type yeast strains, the G-rich
strand terminates as a single-strand extension that can be
readily detected only in late S-phase (62). However, in yku80-�
strains, end structure regulation is perturbed, such that single-
stranded termini are present throughout the cell cycle (20, 49).
Therefore, although G-tails can barely be detected in genomic
DNA prepared from wild-type asynchronous cultures, such
termini are readily detected in preparations from asynchro-
nous yku80-� cultures (20, 49) (Fig. 2C). Similarly, all four of
the yku80tel mutants also exhibited readily detectable single-
stranded G-rich DNA in asynchronous cultures (Fig. 2C). The
signal was sensitive to the E. coli 3�-to-5� exonuclease I, indi-
cating that it corresponded entirely to the presence of G-rich
single-stranded terminal overhangs. Quantitation of the ex-
tent of the increase in single-stranded signal (see Materials
and Methods and Table 3) indicated a rough correlation with
the growth defect in a telomerase-defective background: the
yku80-1, which showed the most severe growth defect when
combined with a telomerase mutation, also reproducibly

TABLE 3. Summary of DNA repair and telomere properties of yku80tel mutants

Allelea Mutation IVPRAb HO assay
resultc

Growth in
telomerase-null

mutantd

G-tail
detectione in: Telomere

length (bp)f
Telomeric
silencingg

Expt 1 Expt 2

YKU80 None 1.0 ��� �� 1.0 1.0 �320 Intact

yku80-1 L240S 0.53 
 0.08 ��� � 7.9 11.4 �270 Abolished
yku80-4 P437L 1.33 
 0.12 ��� �/� 8.0 5.9 �270 Impaired
yku80-2 Y49H 0.50 
 0.10 ��� �/� 6.8 7.3 �265 Impaired
yku80-3 M16I 0.72 
 0.15 ��� �/� 6.2 6.2 �280 Impaired
yku80-5h �aa 1–15 NQ ��� � 4.6 6.8 �290 Impaired
yku80-6 S363P NQ ��� � 3.8 4.6 �290 Impaired
yku80-7 P437S NQ ��� � 6.0 6.2 �290 Impaired
yku80-8 L149R NQ ��� �(�) 2.0 1.7 �285 Impaired

yku80-� None �0.05 
 0.01 � � 15.4 24.2 �145 Abolished

a Alleles are ordered relative to the severity of their end protection defect, as assessed by growth in a telomerase-null strain and extent of G-tail defect.
b IVPRA, in vitro plasmid repair assay. For alleles yku80-5 through yku80-8, the assay was performed but not to a sufficiently quantitative degree. NQ, nonquan-

titative.
c ���, wild type-appearing growth; �, no growth.
d Relative growth phenotypes, where �� indicates healthy wild-type appearing colonies, �(�) indicates healthy appearing colonies with a small subpopulation of

smaller colonies, �, �/�, and �/� indicate increasing degrees of senescence with decreasing plating efficiency and increasing ragged colony and microcolony formation,
and � indicates no growth.

e Native TRF signal/denatured TRF signal ratio normalized to that of the wild type. Results are reported for two independent experiments.
f G1–3T tract length.
g Altered refers to the ability to form colonies on both �Ura and 5-FOA media.
h Reduced protein levels.
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displayed the largest increase in single-stranded signal. The
yku80-3 allele, which had the least severe growth defect, re-
producibly displayed less of an increase in single-stranded sig-
nal. Therefore, these genetic and molecular criteria are con-
sistent with the conclusion that chromosome end structure is
altered in the four yku80tel mutants. This argues that although
DSBs are still repaired normally via Ku-dependent NHEJ,
telomeres have become unprotected in these yku80tel mutant
strains.

One possible explanation for the separation of function dis-
played by these four alleles was that the level of Ku80 activity
required for DNA repair was lower than the activity required

for chromosome end protection. However, the steady state
level of Yku80 protein in these four mutant strains was similar
to that of the wild type, as monitored by Western analysis of
epitope-tagged versions of each of mutant proteins relative to
Yku80-myc18 (Fig. 2D). In addition, overexpression of the
mutant Yku80-1 and Yku80-4 proteins did not rescue the syn-
thetic lethality with telomerase (data not shown). Moreover,
further analysis of the yku80-4 mutant revealed that the
Yku80-4 protein associated with telomeric chromatin at levels
close to those of the wild type, as measured by a chromatin
immunoprecipitation assay (Fig. 2E). Thus, the severe telo-
mere phenotype exhibited by this allele was not due to the
failure of the Yku80-4 mutant protein to associate with chro-
mosome ends, nor could it be rescued by increased levels of
mutant protein.

The role of YKU80 in telomeric end protection is distinct
from its role in telomere length regulation. Strains that com-
pletely lack either YKU70 or YKU80 function have short telo-
meric duplex tracts as well as altered G-tail regulation. To test
whether these two changes in telomere structure could be the
consequence of a single event, we examined telomere length in
the four yku80tel mutant strains, following propagation after
�65 generations to ensure that steady-state telomere lengths
were reached in each strain. Telomeres were only slightly
shortened in each of the four strains, in contrast to the severe
telomere shortening observed in a yku80-� null strain (Fig.
3A and 2C and Table 3). This argues that despite the drastic
change in end structure, Ku can still efficiently promote telo-
merase activity at chromosome termini in these four mutant
strains.

As a reciprocal test, we examined a mutation in a subunit of
yeast telomerase that is impaired for the Ku-mediated pathway
of telomere length regulation. Ku regulates telomere length, in
part, via an interaction with a stem-loop structure present in
TLC1, the telomerase RNA subunit (48, 55). This Ku-specific
regulatory activity is abolished in a tlc1-�48 strain, which lacks
this stem-loop, thereby resulting in short telomeres. However a
tlc1-�48 mutant strain was observed to have single-stranded
G-rich extensions that were only slightly above that observed in
a TLC1 strain (Fig. 3B), showing that end structure was unaf-
fected in a tlc1-�48 strain. Thus, uncoupling the interaction of
Ku with telomerase did not affect the ability of Ku to regulate
telomere end structure. Therefore, the differential effects of
the tlc1-�48 mutant and the four yku80tel mutants on telomere
length versus G-tail extensions demonstrate that Ku regulates
telomere length and terminal end structure by distinct activities.

The activity of the Ku heterodimer in chromosome end
protection is distinct from its contribution to telomeric het-
erochromatin. In addition to mediating telomeric end protec-
tion and telomere length regulation, Ku also contributes to
telomeric heterochromatin, as evidenced by the loss of repres-
sion of telomere-proximal genes (also referred to as telomeric
position effect) in strains that lack Ku (5, 28, 43). To determine
whether this constitutes a third, functionally distinct activity,
we turned to a prior set of observations about the opposing
roles of the Rif and Sir proteins in telomeric silencing. The Ku
heterodimer has been proposed to influence heterochromatin
formation by assisting the Sir proteins in their competition with
the Rif proteins and the establishment of a repressive chroma-
tin structure. Thus, in the absence of the Rif proteins, a role for

FIG. 1. yku80tel mutants are proficient for repair of DSBs. (A) In
vivo plasmid repair assay. A yku80-� rad52-� haploid strain bearing
plasmid-borne yku80tel mutant alleles was transformed with a mixture
containing EcoRI, linearized pRS413 (CEN HIS3), and supercoiled
pRS415 (CEN LEU2). Mutant alleles were tested in parallel with
wild-type YKU80 and vector controls. The repair efficiency is the Ura�/
Leu� transformant ratio normalized to that of YKU80. The results are
the averages of the results of 2 to 4 transformations per strain from
three separate experiments. Each error bar represents one standard
deviation. (B) Continuous HO expression assay. Plasmids bearing
yku80tel mutant alleles were transformed into YVL2073 (yku80-�::kanr

hml-�::ADE1 hmr-�::ADE1 ADE3::GAL:HO) (Table 1). Tenfold se-
rial dilutions were plated onto �Leu media containing either glucose
(indicated �HO, which represses expression of the HO endonuclease)
or galactose (indicated �HO, which induces expression of the HO en-
donuclease). Mutant alleles were tested in parallel with wild-type
YKU80 and vector controls.
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FIG. 2. yku80tel mutants are defective for chromosome end protection. (A) Viability of yku80tel est1-� double mutants generated by sporulation
and dissection of the appropriate double heterozygous diploid (Table 1). Shown are 10-fold serial dilutions of equivalent numbers of cells taken
directly from fresh dissection plates. (B) Viability of yku80tel est1-� double mutants generated by plasmid shuffle. Plasmids (CEN TRP1) bearing
yku80tel mutant alleles were transformed into strain YVL1041 (yku80-� est1-�/pCEN URA3 EST1) (Table 1). Tenfold serial dilutions of equivalent
numbers of cells were plated on �Trp 5-FOA media to evict the EST1 covering plasmid. (C) Analysis of telomeric end structure. Plasmids bearing
yku80tel mutant alleles were introduced into a yku80-� strain. The DNA was mock treated (�) or treated with E. coli exonuclease 1 (�). (Left panel
[native]) Detection of telomeric G-strand overhangs (see Materials and Methods). (Right panel [denatured]) Detection of total telomeric DNA.
The same gel following in-gel denaturation and rehybridization with the same oligomeric probe. (D) Western blot analysis. Plasmids expressing
either untagged YKU80, YKU80myc18, or yku80tel

myc18 alleles were transformed into a yku80-� strain. Equivalent amounts of protein from whole-cell
extracts were analyzed by Western blotting with an anti-myc antibody or with an anti-3�PGK antibody. The levels of Yku protein were normalized
to the levels of PGK protein (data not shown). (E) Chromatin immunoprecipitation. Plasmids expressing either untagged YKU80, YKU80myc18, or
yku80-4myc18 alleles were transformed into a yku80-� strain. Following formaldehyde cross-linking, protein-DNA complexes were immunopre-
cipitated with anti-myc antibodies. Telomeric DNA and high-copy-number nonspecific control sequence DNA (TyB) were detected by Southern
blotting. The average of the results from 3 to 4 assays is shown. Each error bar indicates one standard deviation.
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Ku in telomeric silencing becomes dispensable, such that in a
yku70-� rif1-� rif2-� strain, the telomeric silencing defect ob-
served in a yku70-� strain is suppressed (41).

If the Ku heterodimer contributes a single function to telo-
mere maintenance, loss of Rif protein function should similarly
suppress the synthetic lethality observed in strains deficient in
both Ku and telomerase. However, if Ku contributes separate

activities to telomeric heterochromatin and telomeric end
structure, loss of Rif proteins should not rescue the enhanced
growth defect of a strain that lacks both Ku and telomerase.
Consistent with this latter prediction, the yku80-� rif1-� rif2-�
est2-� mutant strain exhibited a growth defect that was indis-
tinguishable from that of the yku80-� est-� double mutant,
since both sets of strains could only be propagated for �25
generations (Fig. 4); the few yku80-� rif1-� rif2-� est2-� colo-
nies that appeared had escaped lethality by utilizing a re-
combination-based mechanism of telomere maintenance
(data not shown). As expected, rif1-� rif2-� est2-� mutant
strains exhibited a senescence phenotype comparable to that of
the est2-� strains, consistent with prior observations (57). Loss
of TLC1 function in a yku80-� rif1-� rif2-� strain showed
results comparable to those shown in Fig. 4 (data not
shown). Furthermore, the presence of terminal single-
stranded G-tails in a yku80-� rif1-� rif2-� strain was com-
parable to that in a yku80-� strain, whereas little or no G-tail
signal was detected in DNA prepared from rif1-� rif2-� mutant
strains (reference 21 and data not shown). Thus, although loss
of Rif protein function can suppress the telomeric silencing
defect observed in yku-� mutant strains, the telomeric end
protection defect is not Rif protein dependent. These results
are consistent with the premise that Ku possesses a third te-
lomere-specific activity.

Identification of four additional yku80tel mutations by a sec-
ond separation-of-function screening strategy. As an alterna-
tive approach to examine whether the Ku heterodimer con-
tributes separable functions to telomeric end protection and
telomeric silencing, we screened for an additional class of
yku80 alleles. Specifically, we asked whether we could identify
mutations in YKU80 that were defective for telomeric silencing
but did not enhance the growth defect of a telomerase-defi-
cient strain immediately following loss of a TLC1 covering
plasmid. In this second separation-of-function screen, a
mutagenized YKU80 plasmid library was introduced into a
yku80-� strain that contained ADE2 and URA3 reporter genes
placed next to a telomere, to permit telomeric silencing, and

FIG. 3. Ku has separable functions in telomere length regulation
and telomere end protection (A) Telomere length analysis of yku80tel

mutants. Plasmids bearing yku80tel mutant alleles were transformed
into a yku80-� strain. A Southern blot of genomic DNA isolated after
�65 generations of growth was probed to detect telomeric sequences.
Independent isolates of each mutant allele were tested in parallel with
wild-type YKU80 and vector controls. The four bands marked by ar-
rows represent individual telomeres. (B) Analysis of telomeric end
structure in a tlc1-�48 strain. Genomic DNA isolated from mid-log
phase cultures of wild-type, tlc1-�48, and yku80-� strains. (Left panel
[native]) Detection of telomeric G-strand overhangs. Indicated in pa-
rentheses is the native TRF signal/denatured TRF signal ratio normal-
ized to that of the wild type. (Right panel [denatured]) Detection of
total telomeric DNA.

FIG. 4. Loss of Rif1 and Rif2 function does not rescue the growth
defect of a yku80-� est2-� strain. Growth of isogenic haploid strains of
the designated genotypes obtained by sporulation and dissection of
YVL1071 (Table 1). Equivalent numbers of cells taken directly from
the dissection plate were plated at a 10-fold serial dilution series.
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thus the status of duplex telomeric chromatin, to be monitored.
In addition, the strain contained a deletion of the genomic
TLC1 gene covered by a plasmid copy of TLC1, which allowed
assessment of the growth phenotype after loss of the TLC1 cov-
ering plasmid. Over 16,000 yeast transformants were screened
for yku80 alleles that resulted in expression of the normally
repressed ADE2 gene but did not enhance the senescence
growth defect of a telomerase-defective strain following a
plasmid shuffle (see Materials and Methods for details). This
approach led to the identification of four additional yku80tel

mutations, yku80-5 through yku80-8. Protein levels were not
significantly altered in the yku80-6, yku80-7, and yku80-8
strains (Fig. 2D), indicating that the silencing defect in these
three strains appears to be due to a change in activity, rather
than simply due to a reduction in protein levels. The levels of
the Yku80-5 protein were reduced by about three- to fourfold,
suggesting that at least some of the phenotypic consequences
of this mutation may be due to reductions in the level of pro-
tein rather than a specific mutational alteration.

In contrast to the first set of yku80tel mutations, initial anal-
ysis suggested that each of the four alleles from this second
mutagenesis apparently failed to enhance the senescence phe-
notype of an est1-� mutant strain when examined for viability
immediately following loss of a covering plasmid (Fig. 5A).
This was expected, because lack of a phenotype in a telome-
rase-defective background immediately following loss of a cov-
ering EST1 plasmid was part of the screening protocol used to
recover these alleles. However, further propagation of yku80-5
est1-�, yku80-6 est1-�, yku80-7 est1-�, and yku80-8 est1-�
strains revealed that these four yku80 mutations conferred a
noticeable synthetic growth defect in the presence of an est1-�
null mutation when compared to a YKU80 est1-� strain (Fig.
5B, compare isolates grown for �25 and �50 generations).
These effects were also observed when double-mutant yku80tel

est1-� strains were generated following dissection of a hetero-
zygous diploid with integrated copies of the yku80-6, yku80-7,
and yku80-8 alleles (Fig. 5C).

The fact that there was an enhanced growth defect in the
absence of telomerase suggested that telomeric end structure
might also be at least partially impaired in this second set of
mutants. In fact, the yku80-5, yku80-6, and yku80-7 alleles
showed an increase in the degree of single-strandedness at
chromosomal termini that was roughly comparable to that
observed in the yku80-3 mutant strain (Fig. 2C and Table 3).
The yku80-8 strain had only a minimal impact on telomeric end
structure: the degree of terminal single-strandedness in this
strain was only slightly increased above that observed in a
wild-type strain background, consistent with the fact that this
mutant allele reproducibly exhibited a more modest effect in a
telomerase-defective strain background (Fig. 5A to C and data
not shown).

Notably, duplex telomere length exhibited only a minimal
reduction in these four strains (30 to 35 bp) (Fig. 5D and Table
3). Therefore, like the first set of yku80tel alleles, a marked
alteration in end structure in yku80-5, yku80-6, and yku80-8
strains was not accompanied by significant change in telomere
length regulation.

As with the first set of four yku80tel alleles, this second set of
strains was also proficient for DNA repair. As shown in Fig.
1B, in vivo repair of DSBs induced by the HO endonuclease

occurred at wild-type levels in yku80-5 through yku80-8. There-
fore, each of these four yku80tel mutant alleles retained the
ability to rejoin a DSB, just as was observed for the first set of
yku80tel mutants.

yku80tel mutations alter telomeric position effect. The sec-
ond separation-of-function mutagenesis strategy was designed
to uncover mutant alleles of YKU80 that altered the effect of
the Ku heterodimer on telomeric heterochromatin, as evi-
denced by its impact on telomeric position effect. Figures 5E
and F illustrate that this second set of yku80tel alleles exhibited
marked effects on telomeric position effect. Three different
assessments of telomeric silencing were performed. In the
YKU80 version of the strain background used, stable inheri-
tance of transcriptionally repressed chromatin at the telomeric
URA3 locus prevents growth in the absence of uracil and allows
growth on 5-FOA (2). Conversely, in a yku80-� strain, disrup-
tion of telomeric heterochromatin, and the consequent relief
of repression of URA3, allows colony formation in the absence
of uracil and prevents growth on 5-FOA (28, 43). Similarly, the
chromatin status of a telomeric ADE2 gene can be monitored:
YKU80 colonies, which have repressed ADE2 expression, are
red, whereas yku80-� colonies, which have a loss of telomeric
silencing and have relief of ADE2 repression, are white (28).

The four new yku80tel mutant strains were equally able to
form colonies in the absence of uracil with high efficiency (Fig.
5E, compare left and middle panels), indicating that the URA3
gene was derepressed. An impairment in telomeric silencing in
the yku80tel strains was similarly observed when expression of
an ADE2 gene, located at a different telomere, was monitored.
Similar to yku80-� colonies, yku80-5 through yku80-8 colonies
were uniformly white (Fig. 5F), indicating that an open chro-
matin conformation was stably inherited in these mutant strains.

As an additional assessment of the impact of these yku80tel

alleles on telomeric heterochromatin, growth in the presence
of 5-FOA was monitored. In contrast to the phenotype dis-
played by a yku80-� strain, the yku80-5 through yku80-8 mu-
tant strains formed colonies when grown on media containing
5-FOA at a level comparable to that observed in a YKU80
strain (Fig. 5E, compare left and right panels), indicating that
the telomeric URA3 gene could also be repressed in these
mutant strains. Therefore, these three assays (growth in the
absence of uracil, colony color, and growth in the presence of
5-FOA) indicate that telomeric silencing is greatly impaired in
the yku80-5 through yku80-8 alleles, although not completely
abolished.

Examination of the effects of the first set of yku80tel alleles
on telomeric silencing revealed that the yku80-2, yku80-3, and
yku80-4 strains showed a silencing defect very similar to that
described above for yku80-5 through yku80-8, whereas the
yku80-1 strain showed a silencing defect roughly comparable to
that of the null mutant (Fig. 5E and data not shown). Thus,
with the exception of yku80-1 and yku80-8, six yku80tel alleles
all have a common set of phenotypes, despite the fact that they
were recovered from two different screening strategies: these
six mutant strains all disrupt telomeric end protection (al-
though to various degrees) and have comparable effects on
telomeric silencing.

The yku80-8 strain appears to have a distinct set of proper-
ties: telomeric end protection is only marginally impaired, yet
it exhibits the same telomeric silencing defect exhibited by the
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FIG. 5. yku80-5 through yku80-8 mutants are minimally impaired for telomere end protection but significantly impaired for telomeric silencing.
(A) Viability of yku80tel est1-� double mutants generated by plasmid shuffle. Plasmids (CEN TRP1) bearing yku80tel mutant alleles, wild-type
YKU80, and vector controls were introduced into strain YVL1041 (yku80-� est1-�/pCEN URA3 EST1) (Table 1). Tenfold serial dilutions of
equivalent numbers of cells were plated onto �Trp 5-FOA media to evict the EST1 covering plasmid. (B) Serial streakouts following loss of the
EST1 covering plasmid. The strains in panel A were streaked directly onto �Trp 5-FOA for single colonies (�25 generations of growth following
loss of the EST1 covering plasmid, left plate). Subsequently, single colonies were restreaked on �Trp (�50 generations, right plate). (C) Viability
of yku80tel est1-� double mutants generated by sporulation and dissection of the appropriate double heterozygous diploid (Table 1). Tenfold serial
dilutions of equivalent numbers of cells obtained directly from the dissection plate were plated. (D) Telomere length analysis of yku80tel mutants
5 through 8. Plasmids bearing yku80tel mutant alleles, wild-type YKU80, and vector controls were transformed into a yku80-� strain. After �65
generations, telomeric sequences were detected by Southern blot analysis of XhoI-digested genomic DNA. (E) Silencing of a telomere-located
reporter URA3 gene is altered in yku80tel strains. Plasmids bearing yku80tel mutant alleles were transformed into strain YVL885 (yku80-� ppr1
ADE2-TELVR URA3-TELVIIL) (Table 1). Tenfold serial dilutions of cells were plated on �Trp media to determine plating efficiency (left), �Trp
�Ura to evaluate the extent of URA3 derepression (middle), and �Trp 5-FOA to evaluate the extent of URA3 repression (right). Mutant alleles
were tested in parallel with wild-type YKU80 and vector controls. (F) A telomere-located reporter ADE2 gene is stably derepressed in yku80tel

strains. Plasmids bearing yku80tel mutant alleles and wild-type and vector controls were transformed into strain YVL885. Cells were plated on
media selecting for the presence of the plasmid and limiting adenine to monitor ADE2 expression by colony color.
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FIG. 6. A subset of the yku80tel mutants map to residues that are conserved between S. cerevisiae and humans. (A) Alignment of the S. cerevisiae
Ku80 and human Ku80 proteins with secondary structure and fold recognition programs (see Materials and Methods). Alignment to the last 188
aa of the human Ku80 protein was not included, as this portion was lacking in the structural determination (61). Identical residues are shaded in
black, and similar residues are shaded in gray. Positions of the yku80tel missense mutants are indicated. The domains of the human Ku80 structure
(61) are delineated by bars below the sequence. (B) Position of human Ku80 residues that correspond to the yku80tel mutations mapped on a
diagram based on crystal structure of Ku bound to DNA (61). Ku80 and Ku70 are shown in yellow and red, respectively, and DNA is in blue. The
predicted positions of the yeast yku80tel alleles are shown as cyan-colored space-filled residues.
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other yku80tel strains. Thus, the properties of the yku80-8 allele
lends further support to the premise that telomeric silencing
represents a third discrete activity performed by the Yku80
protein.

yku80tel alleles target amino acid residues conserved be-
tween yeast and human Yku80 proteins. DNA sequencing re-
vealed that seven of the yku80tel mutant alleles are the result of
single amino acid substitutions (Fig. 6 and Table 3). The re-
maining allele (yku80-5) is due to a single nucleotide substitu-
tion in the initiating methionine codon, which predicts that the
Yku80-5 mutant protein initiates protein synthesis at M16,
with the consequent loss of 15 aa from the N terminus. Strik-
ingly, the two different mutant screens recovered two alleles
that altered the same amino acid. The yku80-4 mutation was
the consequence of a P3 L missense mutation at residue 437,
whereas the yku80-7 mutation was due to a P3 S alteration at
the same position.

The Ku heterodimer functions in telomere maintenance in
both yeast and mammalian cells. In order to determine wheth-
er the yku80tel mutants implicated conserved residues between
the two proteins, we sought to determine where the compara-
ble amino acid residues mapped on the human Ku80 structure.
Sequence identity among Ku80 proteins across diverse species
is low, which precludes an unambiguous alignment between
the human and yeast proteins. In order to address this, sec-
ondary structure prediction (PSIPRED) (26) and fold recog-
nition (GenTHREADER) (25) methods were used to gener-
ate a structure-based alignment between the yeast and human
Ku80 proteins (61). The amino acid alignment revealed that
five yku80tel alleles are due to mutations in four residues that
are either identical or similar between the yeast and human
proteins (yku80-1, yku80-3, yku80-4, yku80-7, and yku80-8)
(Fig. 6A). Furthermore, the structure-based alignment permit-
ted determination of mapping of the yku80tel mutations to
the various Ku80 domains. Five mutations (yku80-1, yku80-2,
yku80-3, yku80-5, and yku80-8) mapped to residues on the
human Ku structure within the N-terminal �/� domain (Fig. 6).
The yku80-6 mutation mapped to the � barrel domain, and the
yku80-4 and yku80-7 mutations mapped to a conserved proline
in the linker region between the � barrel and the C-terminal
arm. Notably, none of the eight mutations map to residues that
contact DNA.

DISCUSSION

Separable functions for Ku in DSB repair and telomere
maintenance. Previous work has established a critical role for
the Ku heterodimer in both DNA end joining and telomere
maintenance. While there has been progress in elucidating the
molecular mechanisms by which Ku carries out its role at
DSBs, its activity at the telomere has remained elusive. This is
due in part to the multiple telomere-related phenotypes pres-
ent in Ku-deficient strains and the paucity of mutant alleles
with which to probe telomere function. Toward understanding
Ku’s role at the telomere, we have conducted two mutant
screens, which together yielded eight informative alleles of
YKU80. Detailed analysis of NHEJ and telomere structure and
function in these mutant strains, combined with epistasis ar-
guments, lead us to two general conclusions: (i) Ku’s role at
ends created by DNA breaks is different from its role at telo-

meric ends and (ii) Ku has multiple separable functions at
telomeres.

All eight of the alleles identified in this work were proficient
at NHEJ but had defects in various aspects of telomere func-
tion, demonstrating that the type of end influences Ku’s mo-
lecular function. These results also imply that at least one
biochemical activity, the ability to bind DNA ends, was not
altered, which is consistent with the fact that none of the
yku80tel mutations map to residues involved in DNA binding.
In seven of the yku80tel strains, telomere length regulation was
minimally perturbed, whereas terminal DNA structure was sig-
nificantly altered and senescence was accelerated in the ab-
sence of telomerase. In contrast, the yku80-8 strain was signif-
icantly disrupted for telomeric position effect but maintained
telomere length and telomere end structure at near wild-type
levels. Therefore, these eight alleles support a model in which
Ku mediates its activity in telomere length regulation, telomere
end protection, and telomeric silencing via different mecha-
nisms.

A simple model to explain the multiple roles for Ku in these
aspects of telomere structure and function is presented in Fig.
7. We propose that the Ku heterodimer performs discrete sets
of functions at chromosome termini and at duplex subtelo-
meric chromatin, and as a result, we suggest that Ku separately
interacts with these two locations (possibly at temporally dis-
tinct periods during the cell cycle). This aspect of the model is
supported by both the phenotypes of the yku80-8 allele and the
differential effects of rif11� rif2-� mutations on the silencing
and end protection defects of Ku-deficient strains. Further-
more, while at the chromosome terminus, we propose that Ku
participates in two different activities: it facilitates telomerase-
mediated G-strand synthesis, thereby contributing to telomere
length regulation, and it separately protects against resection
of the C-strand, thereby contributing to protection of chromo-
some termini. Loss of the first activity results in telomere
shortening, whereas loss of the second activity leads to alter-
ations in chromosome end structure (i.e., constitutive G-tails).
The phenotypes of the yku80tel and tlc1-�48 alleles support this
aspect of the model, in that the yku80tel mutants alter the ter-
minal end structure but telomere length is maintained, where-
as the tlc1-�48 mutant has short telomeres but telomere end
structure is unperturbed.

The idea that these multiple distinct activities correspond to
different molecular interactions mediated by Ku at chromo-
some termini is supported by several prior observations. Ku
has been shown to be responsible for protecting telomeric ends

FIG. 7. A model for separable functions for Ku at the telomere. Ku
associates with subtelomeric chromatin, where it influences the forma-
tion of heterochromatin. Independently, Ku associates with the chro-
mosome terminus, where it mediates telomere length regulation via
interactions with telomerase and telomere end protection via inhibi-
tion of an end-processing activity.

VOL. 23, 2003 SEPARABLE ROLES FOR Ku AT DSBs AND TELOMERES 8213



from nuclease action: in the absence of YKu70, ExoI gains
access to deprotected termini and results in degradation of the
C-rich strand, which extends into subtelomeric regions (37). In
contrast, Ku’s role in telomere length regulation is mediated
through an interaction with a stem-loop structure of the TLC1
RNA subunit of telomerase (48, 55) and may additionally re-
quire a function provided by the Est1 telomerase subunit (17).

Whereas Ku may execute its chromosome terminus-specific
roles by interacting with terminal telomeric DNA, we propose
that Ku associates with duplex subtelomeric chromatin via
protein-protein associations (Fig. 7). It is at these subtelomeric
sites that Ku performs activities that affect heterochromatin
formation. Consistent with this model, Ku’s influence on the
recruitment of Sir4 appears to be restricted to subtelomeric
sites, where it modulates the spreading of heterochromatin
through this region (35, 41, 59).

Homology modeling suggests structure-function relation-
ships of Yku80. Homology modeling with the crystal structure
of the human Ku-DNA complex (61) reveals that yku80-1,
yku80-2, yku80-3, and yku80-8 mutations map to residues with-
in the N-terminal �/� domain (Fig. 6B). In addition, yku80-5
truncates the N-terminal 15 aa of this domain. The N-terminal
�/� domain has been previously proposed to be a binding site
for other repair factors (61). We propose that this region may
also be critical for telomere-specific interactions.

Two alleles (yku80-4 and yku80-7) alter a conserved proline
residue in the linker between the �-barrel and C-terminal arm,
a domain that contains extensive contacts with the Ku70 sub-
unit (Fig. 6B). Thus, these mutations could potentially influ-
ence the positioning of the C-terminal arm and, as a conse-
quence, alter interactions either between the Ku80 and Ku70
subunits or with additional telomere-specific proteins. Given
that NHEJ is intact in the Yku80tel mutant proteins, one might
speculate that if these mutations weaken heterodimer stability,
this would not be detrimental to Ku’s role in NHEJ, where Ku
association is transient (38). In contrast, stable association of
the Ku heterodimer to telomeric DNA may be critical for its
functions at the telomere. Therefore, the alterations imposed
by the yku80-4 and yku80-7 mutations may impair the stability
of the Ku heterodimer and, hence, its stable association with
the telomere at all phases of the cell cycle. Biochemical anal-
ysis is in progress to determine whether the Yku80-4–Yku70 or
Yku80-7–Yku70 protein complexes do in fact exhibit reduced
stability.

Prior support for separable functions for the Ku hetero-
dimer come from the identification of C-terminal truncation
mutants of YKu70 protein subunit that are defective in certain
aspects of telomere maintenance but proficient for NHEJ (13).
However, for these mutants, simultaneous high-copy expres-
sion of the various Yku70 mutant proteins and the Yku80
protein could fully or nearly fully suppress the telomere defects
of the yku70 truncation alleles, suggesting a defect related to
protein stability rather than molecular function. Therefore,
this leaves open the question of whether the C-terminal 25-aa
region of the Yku70 protein possesses a telomere-specific ac-
tivity or simply modulates it.

Universal role(s) for Ku at telomeres. Review of the conse-
quences of a Ku deficiency in different species provides an
interesting comparison with the separation-of-function analysis
reported here. For example, in Schizosaccharomyces pombe, in

contrast to S. cerevisiae, Ku is not required for telomeric si-
lencing (36). Nonetheless, Ku is required for telomere length
regulation in both species (4, 36). In Arabidopsis, there is no
evidence of telomeric fusions in the absence of Ku (52), in
contrast to the marked increase in end-to-end fusions observed
in Ku-deficient mouse cells (3, 9, 24, 53). Together, these
observations indicate that subsets of Ku-specific functions have
been separated evolutionarily in certain species.

Interestingly, Ku80-deficient mice are growth retarded and
display both cellular and organismal early onset of senescence
(45, 60). In addition, Ku80 is essential in human somatic cells,
with apoptotic cell death occurring after a limited number of
population doublings (33). The extent to which these pheno-
types in mouse and human cells are secondary to defects in
DSB repair versus loss of telomere end protection may be
addressed with the generation of Ku separation-of-function
mutants analogous to those described here for yeast cells.
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